The fungal pathogen Geomyces destructans, which causes white-nose syndrome in bats, thrives in the cold and moist conditions found in caves where bats hibernate. To aid managers and researchers address this disease, an updated and accessible review of cave hibernacula and cave microclimates is presented. To maximize energy savings and reduce evaporative water loss during winter, most temperate vespertilionid bats in North America select caves with temperatures between 2 and 10°C, with 60%-100% relative humidity. Generally, the temperature in caves is similar to the mean annual surface temperature (MAST) of a region, which varies by latitude, altitude, and topography. However, MAST for most areas where caves are found in eastern North America is well above 10°C. Thus, various factors cause cold-air infiltration that reduces temperatures of these caves during winter. These factors include depth of cave, topographic setting, airflow patterns, cave configuration, and water infiltration. Factors affecting humidity, condensation, and evaporation are also addressed. In areas where MAST is above or below the thermal requirements of Geomyces destructans, many caves used by bats as hibernacula may still provide favorable sites for optimal growth of this fungus.
Introduction
Bats that hibernate below ground in caves and mines of temperate regions receive two crucial benefits: relatively stable, above-freezing temperatures at which they can achieve energy-saving long-term torpor; and high humidity, which reduces evaporative water loss during hibernation (Speakman and Thomas 2003) . The low temperatures and high humidity that sustain bats during hibernation are also highly conducive for growth of Geomyces destructans, the fungus that causes white-nose syndrome (WNS) (Blehert et al. 2009 ). WNS has decimated bat populations throughout eastern North America. Recent estimates suggest 5.7-6.7 million bats of at least six bat species have died due to WNS (USFWS 2012) . Growth requirements of G. destructans are similar to temperatures found in most bat hibernacula. Isolates of G. destructans grow between 5 and 20°C, and isolates from the northeastern US grow optimally around 12-13°C (Blehert et al. 2009; Verant et al. 2012) .
The emergence of WNS has refocused interest on the physical factors that influence cave microclimates and how cave microclimates could potentially interact with growth of G. destructans and affect bat survival. Thus, an updated and easily accessible review on the interrelationships among the physical attributes of caves, cave climates, and bat hibernation is beneficial for researchers and managers to respond to this emergent issue. This review may help researchers decipher various questions, such as why caves just a few kilometres apart differ widely in WNS mortality. Recent landscape-scale modeling in the northeastern US suggested that patterns of mortality from WNS are attributed mostly to land cover, mean temperature, elevation, and frequency of precipitation (Flory et al. 2012) . All these physical factors affect the climate within individual caves, which could possibly affect the growth of G. destructans at those sites.
It has been 35 years since Tuttle and Stevenson (1978) published their synopsis of factors affecting cave microclimates for bats, and almost 60 years since the seminal work of Twente (1955) on cave selection by bats. Much of the original research covering cave climatology was published decades ago in languages other than English and is often hard to obtain. Nevertheless, a summary of current knowledge of cave climatology as it relates to bat ecology is needed. Twente (1955) defined "caves" as having a single entrance, whereas "caverns" have multiple openings, a definition apparently lost over the years. By modern definition, a cavern is simply a large cave. Herein, the term "cave" is used throughout, regardless of cave size or number of openings. Many of the principles that apply to caves also apply to abandoned mines and other below-ground sites used for hibernation, such as culverts, tunnels, storm sewers, cellars, and rock crevices. The importance of abandoned mines should not be overlooked as important bat hibernacula. Thousands of abandoned mines occur throughout North America, and a survey of over 6000 mines in the western US indicated 30%-60% show signs of bat use (Tuttle and Taylor 1998) .
In temperate areas, caves can roughly be divided into three principle types based on use by bats: (1) caves used during summer including those used as maternity sites; (2) winter hibernation caves; and (3) transient caves used during migration, autumn swarming, or as staging areas when outside temperatures are variable in spring and autumn (e.g., Barbour and Davis 1969) . In most cases, caves used in summer differ from those used in winter (e.g., Tinkle and Patterson 1965; Tuttle and Stevenson 1978) , although bats often use the same caves for swarming that they use as hibernacula (e.g., Ingersoll et al. 2010) . Female bats that use caves as maternity roosts during summer require warm temperatures for successful rearing of offspring that differ from climates needed for hibernation. However, some males may remain in the same caves during summer they use for hibernation during winter (Barbour and Davis 1969) . Some species primarily use trees for roosting during summer but hibernate in caves and mines (e.g., Perry 2012) . Because winter hibernation is the period when mortality from WNS is expected, this review focuses on winter cave climates during bat hibernation.
In general, latitude, the physical structure of caves, and airflow are the primary drivers of cave climates in temperate areas, but various biological factors may also affect cave temperature that will not be discussed at length. For example, in caves occupied during the active seasons (e.g., summer), large colonies of bats (>1 million) and their fermenting feces may maintain constant temperatures within a cave, regardless of changes in outside temperature (e.g., Harris 1970; Stoev and Maglova 1993) . Heat given off by humans entering caves may also affect temperatures and humidity (e.g., Pflitsch and Piasecki 2003; Domomínguez-Villar et al. 2010 ).
Importance of hibernacula temperature to bats
Because of their small size, small mammals can support resting energetic requirements for less than a month on their fat reserves (Humphries et al. 2004) . During winter, insect abundance is reduced to near zero in northern latitudes during winter, and insects may not be available for over 150 days in northern areas such as the Canadian Prairies (Lausen and Barclay 2006) . In more southerly latitudes such as Florida, insects may be available on warmer (>5.0°C) nights throughout winter (Frost 1962) . Thus, insectivorous bats at northerly latitudes either migrate to warmer climates or hibernate in relatively stable environments to survive periods of food scarcity and avoid remaining active at low temperatures that are energetically costly (e.g., Fleming and Eby 2003) . The length of hibernation is dictated by the length of time that bats cannot successfully forage, and bats may hibernate for longer periods at more northerly latitudes. For example, Myotis lucifugus (little brown bat) may hibernate for 40% longer in Ontario than in Missouri (Humphries et al. 2005) .
Torpor is whereby a bat reduces its metabolism and its body temperature is reduced to near ambient, which results in energy savings. Long-term, deep torpor is considered hibernation. Hibernation allows bats to survive for long periods using relatively little energy. Bats typically arouse from hibernation periodically and these arousals may account for over 75% of the total energy requirement for hibernation (Thomas and Geiser 1997) . Although the exact causes of these periodic arousals are unknown, physiological needs, including the need to excrete waste and replenish water balance, are believed to be involved (e.g., Thomas et al. 1990; Thomas and Geiser 1997) . Arousals are also temperaturedependent, with the length and frequency of bat arousals increasing with temperature increases over 10°C Twente et al. 1985) . When torpid bats are exposed to belowfreezing temperatures, bats may arouse, increase their metabolic rate to prevent freezing, or maintain body temperatures similar to ambient temperatures and freeze to death (Davis and Reite 1967; Dunbar and Tomasi 2006) .
The length of time temperate, insectivorous bats can sustain themselves via torpor is dictated by the temperature at which they hibernate, with low (but above-freezing) temperatures resulting in the most energy savings. McNab (1974) indicated that temperatures below 18°C are required to allow successful hibernation and only small and solitary-hibernating species (such as Perimyotis subflavus, tricolored bat) can hibernate at temperatures above 14°C in Florida. Solitary bats may also hibernate at higher temperatures than clustered bats of the same species (Clark et al. 1996) . Selection of proper cave temperatures is likely important to the physical condition of bats. For example, Myotis sodalis (Indiana bat) lose 22% of their body mass when hibernating at 6-10°C, but only lose 16%-18% of their body mass when hibernating at 0-6°C over the same period (Richter et al. 1993) .
The temperature at which their metabolism is most efficient during hibernation may differ among bat species (Speakman and Thomas 2003) . Myotis lucifugus may have a minimum metabolic rate at 2°C (Hock 1951) , whereas other species such as Lasiurus borealis (red bat) reach their minimum metabolic rate around 5-10°C (Dunbar and Tomasi 2006; Dunbar and Brigham 2010) . M. lucifugus increase their energy requirements 3-fold when hibernating at temperatures 3°C lower or 10°C higher than their 2°C metabolic optimum (Humphries et al. 2002) . However, minimum metabolic rates may vary within a species based on latitude. Eptesicus fuscus (big brown bat) in northern latitudes may have minimum metabolic rates at 2°C, whereas individuals from southern latitudes may have minimal metabolic rates near 10°C (Dunbar and Brigham 2010) . Thus, bats of the same species hibernating in more northerly climates may be adapted to different hibernation temperatures than those in more southerly locations.
Hibernation has physiological costs, including buildup of metabolic wastes, dehydration, and decreased immune function (e.g., Thomas and Cloutier 1992; Thomas and Geiser 1997; Burton and Reichman 1999) . Bats may lessen the adverse effects of long-term torpor by hibernating at warmer temperatures when they can afford to based on fat stores (Humphries et al. 2003 ) and the length of required hibernation. Bats may select maximum tolerated temperatures for hibernation rather than the minimum temperatures (McNab 1974) . In addition, individual bats may select different microsites based on physical condition, with heavier individuals (in better condition) hibernating in warmer sites than individuals in poorer condition (Boyles et al. 2007) .
Bats are often found hibernating at a relatively wide range of temperatures, and the literature abounds with references to hibernacula temperatures. Differences among studies in latitude of the study, type of hibernacula surveyed, number and timing of measurements, and variability in temperature at sites selected for hibernation present wide ranges in hibernation temperatures and substantial overlap when examining data from multiple studies. For example, Webb et al. (1996) summarized 16 studies that found E. fuscus hibernating between -10 and 20°C, 14 studies that found M. lucifugus hibernating between -4.0 and 13.0°C, and 10 studies that found Corynorhinus townsendii (Townsend's big-eared bat) hibernating between -2.0 and 21.0°C. Webb et al. (1996) indicated that the modal hibernacula temperature for 29 vespertilionid species is 6°C. However, studies suggest different species may favor different temperatures for hibernation (e.g., Nagel and Nagel 1991; Raesly and Gates 1987) . Although numerous studies that focused on individual species have quantified the temperatures of hibernacula at a single site or geographic area (e.g., Clark et al. 1996; Briggler and Prather 2003; Hayes et al. 2011) , comparative studies of selection for temperature among species at similar latitudes using similar methods may provide better estimates of potential selection of temperature among communities (Table 1) . Although bats may hibernate across a range of temperatures within a geographic location, this range may be within the bounds for successful hibernation based on fat stores and length of hibernation period required (Humphries et al. 2002) . Energetic-based models on a range of hibernacula temperatures used by little brown bats predict 80% of hibernacula allow survival with minimal fat reserves, whereas all selected hibernacula allow successful hibernation with maximum fat reserves (Humphries et al. 2002) .
Based on extensive research, some species appear to favor hibernacula within a narrow temperature range. For example, Myotis grisescens (gray bat) hibernate at mean temperatures of 6.7-10.0°C (Tuttle 1977) , M. sodalis select sites with mid-winter temperatures of 3-6°C (Clawson 2000) , and clustered Corynorhinus townsendii ingens (Ozark big-eared bat) hibernate between 5.5 and 11.2°C (Clark et al. 1996) . suggested that hibernacula above 10°C are less than optimal for many species of bats, although he did not account for latitude and length of required hibernation. Substantial information has been published on hibernacula temperatures used by endangered species such as M. sodalis, and hibernacula temperatures have been suggested as a possible reason for declines in this species. Among M. sodalis populations over a 20-year period, populations in hibernacula that were 3.0-7.2°C showed substantial increases, whereas populations hibernating at temperatures outside this range decreased (Tuttle and Kennedy 2002) . Tuttle (1977) suggested that increasing hibernacula temperatures by 2°C may have resulted in significant population declines of M. sodalis.
Other species, such as P. subflavus, may tolerate higher hibernacula temperatures and large fluctuations in temperature compared with other species (Davis 1970) . McNab (1974) suggested that P. subflavus always select the warmest temperatures available for hibernation, which are as low as 7°C in Ontario and as high as 13°C in Kentucky. In Maryland, Pennsylvania, and West Virginia, P. subflavus hibernate at sites with significantly warmer temperature than sites for M. sodalis, M. lucifugus, Myotis septentrionalis (northern long-eared bat), and E. fuscus (Raesly and Gates 1987) . In Arkansas, P. subflavus hibernate in caves significantly warmer than random caves, with temperatures ranging from 5.0 to 16.0°C (mean = 11.8°C) (Briggler and Prather 2003) .
Factors affecting cave and mine temperatures
A cave (or mine) is divided into three separate environments: (1) the highly variable twilight zone near the entrance; (2) a middle zone of complete darkness and variable temperature; and (3) a zone of complete darkness and constant temperature in the deep interior (Poulson and White 1969) . However, numerous factors affect the climate of an individual cave; and each cave is unique based on its diameter, shape, depth, and its placement in the landscape. The number and size of openings, position of the entrance, passage size, overall cave volume, amount and seasonal timing of water flow, air flow, and outside temperatures are all complicating factors affecting climates within individual caves (Tuttle and Stevenson 1978) .
Temperatures generally increase with an increase in depth below the Earth's surface due to radioactive decay and the Earth's accretion, and this geothermal gradient averages around 2-3°C/100 m in bore holes and mines (Press and Siever 1978) but varies across regions. Areas that are geologically stable (such as eastern North America) may have lower geothermal gradients (less temperature increase with an increase in depth) than areas that are geologically active such as western North America (Roy et al. 1972) . Because of air and water infiltration, temperature gradients in caves are generally less than the geothermal gradient, and geothermal heat flux probably has only a minor effect on cave climates unless caves are very deep (Pflitsch and Piasecki 2003) . However, geothermal heat may increase temperatures 2.6°C above that expected at a depth of only 15 m in Kartchner Caverns, Arizona (Buecher 1999) .
Temperature profiles in caves can be divided into two primary zones, the heterothermic zone near the surface and the deeper homothermic zone (Luetscher and Jeannin 2004a) . The heterothermic zone occurs from the surface to around 50 m below the surface but may reach depths >100 m (Luetscher and Jeannin 2004a) . This zone shows seasonal, and often daily, temperature variations and is greatly affected by outside temperatures (Fig. 1) . The influence of outside weather conditions may extend for several hundred metres into caves which have streams or airflow (Cropley 1965) . Within the heterothermic zone, there is generally a temperature and moisture gradient, where air characteristics change from outside conditions to reach equilibrium with the cave rock (de Freitas and Littlejohn 1987) .
The homothermic zone is an area of temperature stability, where temperature increases with depth below the surface by around 0.4-0.6°C/100 m, which is often less than the geothermal gradient due to air or water infiltration and is more similar to the lapse rate (see below) above the surface (Pflitsch and Piasecki 2003; Luetscher and Jeannin 2004a) . In the absence of complicating factors such as airflow, temperature in the homothermic zone of caves is generally a reflection of the mean annual surface temperature (MAST) (Fig. 2) regions, outside temperature is usually greater than MAST, whereas outside temperatures are usually less than MAST during winter. Various factors affect MAST, including latitude, elevation, snow cover, slope angle, aspect, and vegetation cover (Blackwell et al. 1980; Lewis and Wang 1998) . Mean temperature of caves typically decreases with an increase in latitude because of decreasing MAST. In areas that experience little fluctuation in annual temperatures such as tropical regions, caves deviate only slightly from the MAST (Luetscher and Jeannin 2004a) . Based on broad MAST estimates alone ( Fig. 2) , no caves or mines in eastern North America south of Pennsylvania and Iowa should have cave temperatures in the optimal range for most cavehibernating species (3.0-10.0°C). However, individual caves and mines with winter temperatures within the optimal temperature range are found throughout this region, from northern Florida to Arkansas and Oklahoma northward (e.g., Saugey et al. 1990; Clawson 2002; Briggler and Prather 2003; Gore et al. 2012) . Most of the caves in the region where MAST is 10.1-18.3°C are unsuitable as bat hibernacula (Tuttle and Stevenson 1978) . For example, Tuttle and Stevenson (1978) suggested that M. grisescens are limited in their southern distribution by the lack of cold hibernating sites in southern caves, and only about 0.1% of caves in Alabama are known to harbor this species in winter. Thus, physical characteristics, such as cave structure and topographic setting of individual caves, may reduce or increase temperatures compared with MAST.
In some caves located in areas where MAST is >10°C, bats may hibernate close to the entrances where colder outside air mixes with warmer cave air during winter. Twente (1960) examined over 500 caves and mines in Utah and suggested all are either too warm (>12°C) or cold for hibernating bats deeper than the twilight zone. However, Corynorhinus townsendii may occasionally be found near the entrances of these sites (Davis 1970) . Although sites near the entrances of caves may provide colder temperatures than deeper areas of the cave during winter (and warmer temperatures than outside) (Fig. 1) , these areas can be highly variable in temperature and occasionally fall below freezing (Elliott and Clawson 2001) .
Topographic setting of caves
Cave climates may vary based on the topography where those caves are located due to topographic effects on MAST. In northern latitudes, southern aspects receive greater solar radiation than both horizontal sites and north slopes, and radiation received depends on the steepness of the slope (Barry 1992) . Alternatively, north slopes may remain cooler because the ground is often shaded and persistent snow cover may enable frost to penetrate deep into the ground (Barry 1992) . Caves on north slopes may remain cooler than those on south slopes because of lower MAST (Tuttle and Stevenson 1978; Pflitsch and Piasecki 2003) . Orientation of the entrance may also affect temperatures, with cooler north winds or warmer south winds flowing directly into caves (e.g., Smithson 1991) . Sinking cold air on hillsides (slope drainage) into small enclosed valleys during clear, calm nights may create temperature inversions up to 30°C (frost hollows or frost pockets) (Barry 1992) , which are sometimes demarcated by visible bowls of mist or fog. Inversions are temperature increases at higher altitudes instead of decreases as is typical. Thus, entrances in valleys may draw in colder air masses than entrances on hill tops during winter (Pflitsch et al. 2010 ). Forest cover may also reduce MAST and ground temperatures may be 2°C cooler in forests that in adjacent clearings (Blackwell et al. 1980) .
It is generally known that air temperature decreases with an increase in elevation. The rate at which temperature decreases with an increase in height is termed "lapse rate." Lapse rates may vary by season, time of day, aspect, wind direction, humidity, topography, presence of snow, atmospheric stability (tendency of air to move vertically), cloud cover, and ground cover (Barry 1992 ). Mean lapse rates are around -0.6°C/100 m rise in elevation (Barry 1992) . Higher elevations typically have lower MAST and lower cave temperatures than the surrounding area (e.g., Davis et al. 2000; Nagy and Postawa 2011) .
Bat hibernation studies that examined elevation of caves or mines suggest effects of elevation may vary by region, and studies of caves in different temperate areas have found different results. Bats have been found hibernating in caves or mines as high as 3200 m in mountainous areas (Szewczak et al. 1998 ). Kryštufek (2007) suggested bats use caves at low elevations because that is where the caves tend to be located in his study area. Others suggest that different species may prefer different elevations, resulting from their species-specific hibernation preferences for temperature (Řehák 2006; Nagy and Postawa 2011) . For example, Nagy and Postawa (2011) suggested that among bats hibernating in Romanian caves, some species hibernate at the higher temperatures found at lower elevations, while other species hibernate in caves with colder temperatures found at mid-to higher elevations. In coastal areas of western Canada, Myotis spp. may hibernate primarily in deep portions of higher elevation caves where temperatures remain cold but stable (Davis et al. 2000) .
Drastic changes in elevation may occur over relatively short distances in mountainous areas, which make predicting favorable cave structure across these regions more difficult. For example, sites <80 km apart may differ in MAST by over 8.4°C in western areas such as New Mexico and Arizona (Fig. 2) . Cave configurations that are favorable for hibernacula in one area may make them unfavorable a short distance away at a different elevation. Mean temperature of hibernacula used by bats may remain relatively constant even though caves may be at considerably different elevations. For example, mean temperature of bat hibernacula is 4.7°C at 550 m and 4.6°C at 850 m, even though MAST differs by 2.6°C (Nagel and Nagel 1991) . Further, mean elevation of abandoned mines used as hibernacula by C. townsendii in Colorado (1900 m) are similar in elevation to unoccupied mines (Hayes et al. 2011) . Thus, bats likely seek out individual caves or mines with the appropriate temperatures, regardless of elevation.
Temperature fluctuations in caves
In temperate regions, many caves undergo an annual temperature cycle, whereby temperatures are typically lower in winter than in summer (Fig. 1) . The amplitude of change in annual cave temperature may be only a fraction of the variation in outside temperatures. For example, the range in temperature variation in Kartchner Caverns, Arizona, is only 1%-2% of the variation in outside temperature (Cigna 2002) . Heat transfering through solid rock such as limestone is relatively slow. Daily fluctuations in outside temperature of 30°C are reduced to <1°C at a depth of 0.5 m in solid limestone, and annual temperature differences of 30°C result in changes <1°C below 11 m (Moore and Sullivan 1997) . Thus, annual variation in cave temperature typically results from other factors such as air circulation or water infiltration. A delay often occurs between the coldest yearly outside temperatures and lowest annual temperatures in the cave, which may range from a few days to many months (Cigna 2002) . Although the temperature at a spot where a bat roosts may vary widely within a given day (Twente 1955) , variability in cave temperatures during winter is an important quality affecting successful hibernation by bats. Some species may arouse after abrupt changes in temperature during hibernation (e.g., Davis and Reite 1967) . Hibernacula that often fall below 0°C may be detrimental because hibernating bats must produce metabolic heat to prevent freezing. Bats hibernating too close to the entrances may freeze to death during severe winters (Humphrey 1978) . Caves that vary greatly in temperatures during winter may be marginal habitats. For example, Elliott and Clawson (2001) monitored cave temperatures in a Missouri cave that had experienced high bat mortality previously and found highly fluctuating temperatures, which declined to -8°C after passage of a cold front.
Cave structure and airflow
Thermal convection (the movement of air caused by differing temperatures or densities) probably causes most air circulation in caves (Plummer 1962; Tuttle and Stevenson 1978) . Rising warm air and sinking cold air are the primary drivers of these air movements. Thermal convection takes place due to differences between cave-wall temperature (generally close to MAST) and the outside air temperature. Thermal convection may occur by many means based on the structure of individual caves.
Caves or mines that consist of a single horizontal tunnel may have little airflow (Fig. 3A) and relatively static temperatures past the entrance (Twente 1955; Tuttle and Stevenson 1978) . Caves with small entrances may have reduced or very little air circulation (Tuttle and Stevenson 1978) . However, cold air intrusion may occur during winter in single-opening caves with large openings that are generally funnel-shaped. When outside temperatures are below MAST (winter), air warmed by cave walls escapes along the ceiling, which draws in cooler air along the floor (Fig. 3B ) (e.g., McLean 1971). The rate of airflow in these caves is determined by the slope of the floor and ceiling (de Freitas et al. 1982) .
Caves with a single entrance or multiple entrances at the same elevation that slope downward (or vertical) may act as cold sinks when temperatures are above MAST (summer) (Fig. 3C ) (e.g., Geiger et al. 2003; Cigna 2004; Luetscher and Jeannin 2004b) . Air cooled by cave walls sinks and may remain near the bottom without substantial circulation. During winter, these caves may also be cooler than MAST due to air circulation. Air warmed by the cave walls may rise out of vertical shafts, drawing in cold air (Fig. 3D) (Luetscher and Jeannin 2004b) . Similarly, in caves with two vertical openings at the same elevation, air warmed by the cave walls can rise out one opening, drawing in cold outside air from another opening during winter (Fig. 3E ) (Luetscher and Jeannin 2004b) . Caves with down-sloping entrances located at the bottom of valleys may have enhanced cold infiltration (Geiger et al. 2003) . Caves with up-sloping entrances may act as warm air traps when outside temperatures are less than cave-wall temperatures (winter) (Fig. 3F) (Cigna 2004) . Warm air rising off cave walls may become trapped at upper reaches of these caves.
A common type of convection is the chimney effect (Fig. 3G ) found in caves that have multiple openings that differ in elevation (e.g., Plummer 1962) . When the outside temperature is below MAST (winter), air warmed by the cave walls rises and exits via upper openings, which draws colder outside air into the lower entrance. Alternatively, when outside temperatures are above MAST (summer), air cooled by cave walls may sink out of the lower entrances of the cave, which draws warm air into the higher openings. This process may create constant airflow. During winter in cold climates, upper entrances typically exhale air, whereas these entrances inhale air during summer. During spring and fall, the direction of flow may change between day and night, when outside air temperatures fluctuate above and below MAST. There is typically a thermal gradient in these caves with lower reaches typically cooler than upper portions. Greater differences between outside temperature and cave-wall temperature, and greater differences in elevation of the openings result in greater airflow rates (Cigna 1968; Wigley and Brown 1976; de Freitas et al. 1982) . Upper or lower entrances may not always be obvious in chimney caves and may simply consist of cracks or fissures (Plummer 1962; Wigley and Brown 1976) , causing a chimney airflow that is not obvious. Texture of cave walls may also affect airflow. Rough walls create friction that reduces airflow whereas smooth walls may facilitate airflow (e.g., Twente 1955; Wigley and Brown 1976; Atkinson et al. 1983 ). Tuttle and Stevenson (1978) suggested that caves with adequate structure for hibernacula can be easily predicted, with chimney types and cold-air traps having the most potential unless the caves are at high elevations or high latitudes. These types of caves may create ideal thermal conditions for many bat species, such as M. sodalis, M. lucifugus, and Corynorhinus townsendii ingens that require relatively cold caves in areas where MAST is generally >10°C. However, in more northern latitudes and mountainous areas where MAST is <10°C, chimney caves and cold-air traps are likely too variable or too cold for hibernation. In these areas, caves with little airflow or warm air traps probably provide the best climates for hibernation.
Airflow in caves from barometric pressure
Differences in atmospheric pressure outside a cave and air pressure within a cave can cause air to flow in an effort to equalize the pressure. Changes in barometric pressure can affect airflow (and temperature) into caves but is likely not as widespread a factor as thermal convection in most caves (Tuttle and Stevenson 1978) . Because thermal and barometric processes are happening concurrently in many caves, the exact processes driving air movements can be difficult to discern (Pflitsch et al. 2010) . In most caves (especially small caves or caves with large openings), airflows due to barometric changes are hardly measureable because of the small amounts of air being exchanged and the almost immediate equalization between outside and inside pressure (Pflitsch et al. 2010) . In large caves, barometric airflow may be noticeable at small entrances and narrow tunnels between large chambers (Cigna 1968; Lewis 1991; Pflitsch et al. 2010) . Changes in barometric pressure outside large cave systems such as Lechuguilla Cave, New Mexico, can create airflows >96 km/h at openings (Richards 2001) .
Large-and small-scale changes in atmospheric air pressure occur frequently. Large changes occur due to weather, with cyclonic (low pressure) and anticyclonic (high pressure) systems dominating barometric pressure changes (Lewis 1991) . Smaller changes in barometric pressure or pressure waves may be caused by solar cycles, atmospheric tides, the jet stream, and low-frequency sounds (Herman and Goldberg 1978; Lewis 1991) . Atmospheric tides are due to heating by the sun and move in a westward direction with the movement of the sun, causing a 12-h cycle in pressure peaks (Lewis 1991 ). Short-duration barometric changes (generally <3 min) may occur from many natural and man-made sources, including low-frequency waves created by storms, explosions, vehicles, and the aurora borealis (Lewis 1991) . Many cases of oscillations in intake and exhale of air (cave breathing) may be the result of external air pressure waves that cause fluctuations in outside barometric pressure (Lewis 1991) .
Frequency, timing, and direction of barometric-driven airflows in caves differ from temperature-induced airflows such as those found in chimney caves. Airflows in chimney caves are greatly affected by season, often reversing between summer and winter, with oscillations during fall and spring (Pflitsch et al. 2010) . Barometric airflows show little difference between summer and winter but can reverse direction frequently (in seconds or days) with changes in outside barometric pressure (Pflitsch et al. 2010 ). In chimney caves, air enters some entrances at the same time it exits others, whereas barometric airflows produce simultaneous inflows or simultaneous outflows at all openings (Pflitsch et al. 2010) .
Temperature distribution in chimney caves also differs from barometric caves. In chimney caves, temperatures near lower entrances are cooler than upper entrances and equilibrium in temperatures may be reached at some point between the upper and lower openings (Pflitsch et al. 2010 ). In barometric caves, inflow is typically warmer than MAST during summer and cooler than MAST during winter, and the temperature gradient from openings to the inner parts of the cave is similar among all openings.
Another type of barometric effect is when two entrances are a substantial distance apart and a difference exists in barometric pressure at the two entrances (Plummer 1962 ). These differences in pressure lead to airflow inside the cave similar to winds caused ) air circulation in a cave with a single large opening during winter; air warmed by cave walls exits near the ceiling which draws in cold outside air near the floor; (C) cold air sink during summer whereby air is cooled by cave walls and sinks into lower portions of the cave; (D) airflow during winter in a single entrance vertical cave; air warmed by cave walls flows vertically out of cave, drawing in cold air; (E) cave with two vertical openings; air warmed by the cave walls exits one opening and the other opening draws in cold air; (F) warm air trap during winter whereby air warmed by cave walls rises to upper portion of the cave and little circulation occurs; and (G) chimney flow cave during winter; air warmed by the cave exits top opening, drawing in cold air at lower entrance. Configurations (B), (D), (E), and (G) may maintain cave temperatures below MAST during winter, whereas configuration (F) may maintain temperature near or above MAST.
by differences in barometric pressure outside the cave. The Sinks of Gandy (West Virginia), a cave with two entrances approximately 1 km apart, demonstrates this effect (Plummer 1962) .
Microhabitat differences within caves
Temperatures can vary greatly within an individual cave and a single temperature measure taken at one spot may not be indicative of the temperature range found throughout a cave. Climatic conditions within a cave can vary based on the distance from the entrance, height of the ceiling, and amount of air circulation (Twente 1955) . Dead-end passages may be warmer and more humid, and temperature may be stratified such that colder air remains near the floor and warmer air remains near the ceiling (Twente 1955; Smithson 1993 ). There may be warm air traps and cold air sinks within an individual cave (Tuttle and Stevenson 1978) , and direction of airflow in a tunnel may differ near the ceiling versus the floor (e.g., Toomey 2009). Cooling from evaporation of water from cave walls and temperature differences between cave walls and air can cause temperatures to vary based on distance from walls. Twente (1955) found air temperature 1 cm from cave walls is 1°C cooler than air 5-7 cm from the wall.
Bats can behaviorally regulate the length and depth of torpor by selecting favorable microsites . Bats can discern coarse changes in temperature during hibernation, especially abrupt changes (Davis and Reite 1967) ; and bats may be able to detect changes in temperature as small as 1°C (Hall 1982) . Bats hibernating in caves or mines may change locations in response to changes in cave climate, and microhabitat selection in a cave may change throughout the season (Twente 1955) . Twente (1955) suggested bats locate hibernation spots in a cave by trial and error. However, bats often return to the same spots year after year, suggesting prior experience, learning from others, or olfactory clues may also be involved in microhabitat selection. Bats have also been shown to move within a cave, following specific temperature zones. Henshaw and Folk (1966) found M. sodalis move throughout the winter season as temperatures in the cave decline, following the 2-3°C temperature zone. Thus, a complex cave or mine with multiple tunnels, rooms, and shafts may provide a range of thermal habitats that benefit hibernating bats (Tuttle and Taylor 1998) , and the ideal bat cave is one that offers a large thermal range among its microhabitats (Tuttle and Stevenson 1978) .
Water effects on cave temperatures
Water may affect both humidity and temperature of caves. Because of the high specific heat of water, large bodies of water such as subterranean lakes may greatly affect cave temperatures. Water flow from surface runoff and subterranean streams entering caves may increase or decrease cave temperatures compared with MAST (Bögli 1978; Tuttle and Stevenson 1978; Moore and Sullivan 1997) , and cold water entering caves, such as snow melt, may lower cave temperatures. Streams entering caves that are warmed by ambient air and sunlight may radiate warmth into caves even at considerable distances from the stream (Tuttle and Stevenson 1978) . Turbulent water flow may pull air currents along the surface of the water (entrainment) by causing friction with the air, which may produce air currents over 1 m/s (Wigley and Brown 1976) . Rapidly rising flood waters may displace air and create air currents (Wigley and Brown 1976) . Waterfalls may draw in air, affecting cave temperatures as well (Cigna 1968) . Evaporation and condensation may also affect cave temperatures (see below).
Bat water balance
Bats have high rates of evaporative water loss compared with other mammals because of their relatively large, naked wing membranes and large lungs (Licht and Leitner 1967; Hattingh 1972; Bassett 1980) , which makes them susceptible to dehydration during hibernation (Thomas and Cloutier 1992) . Because 99.7% of water loss is through the skin, individuals can reduce this loss by selecting hibernacula with high humidity and (or) clustering to reduce exposure of their skin to hibernacula air (Thomas and Cloutier 1992) . Some species that do not cluster during hibernation, such as P. subflavus, often roost in areas where condensation occurs (such as near cave entrances) and are often covered with water droplets.
High relative humidity is often suggested as an important factor in cave microsite selection by bats, although Twente (1955) suggested caves with the highest humidity are rarely occupied by torpid bats in Kansas and Oklahoma, likely because these areas have the greatest temperatures. Relative humidity at hibernation sites often ranges from 60% to 100% (Davis 1970; Thomas and Cloutier 1992) , and bats of different species may select sites with different levels of humidity (e.g., Twente 1955; Davis 1970; Raesly and Gates 1987; Siivonen and Wermundsen 2008) (Table 1) . Raesly and Gates (1987) suggested differences in relative humidity of spots where bats hibernate may better separate individual species than temperature. However, within-and among-group overlap is considerable for both temperature and relative humidity as demonstrated by clusters of bats containing different species (Raesly and Gates 1987) . Davis (1970) suggested that P. subflavus, M. lucifugus, and M. leibii (small-footed bat) select areas with the greatest humidity, whereas E. fuscus and M. sodalis select sites with lower relative humidity. However, comparative studies on humidity selection among species are less straightforward (Table 1) . Cryan et al. (2010) suggested that the species most affected by WNS are the ones that select the highest humidity (M. lucifugus, M. septentrionalis, and P. subflavus). There is currently no information on the relationship between moisture in caves and growth of G. destructans, but Langwig et al. (2012) found declines of M. sodalis from WNS are greater when they hibernate in locations of greater humidity.
Evaporative water loss rates depend on temperature and humidity (see below). Because relative humidity depends on temperature, it is often difficult to distinguish between effects of temperature and humidity on roost selection. Unlike temperature, detailed studies on selection for humidity or evaporation rates are rare. At relatively constant absolute humidity, evaporative water loss by bats increases with an increase in temperature and is more pronounced in bats not in torpor (Cryan and Wolf 2003) .
Arousal from torpor during hibernation uses substantial energy reserves (Thomas and Geiser 1997) . It is suggested that one of the primary reasons (among others) for periodic arousals by hibernating bats is to restore water balance (Thomas et al. 1990; Thomas and Geiser 1997) . Bats exposed to dry air have shorter bouts of torpor than bats exposed to more humid air (Thomas and Cloutier 1992) , and dehydration may be the best predictor of arousal frequency (Thomas and Geiser 1997) . Dehydration may cause mortality directly or may indirectly kill bats by increasing arousals and energy depletion (Willis et al. 2011) , and water loss has been hypothesized as one of the primary avenues of mortality in bats affected with WNS (Cryan et al. 2010) . Bats affected with WNS may have shorter bouts of torpor (Reeder et al. 2012) . Further, some species (e.g., M. lucifugus) may be more susceptible to water loss than others even when hibernating at sites with high humidity (Cryan et al. 2010) . Bat species most susceptible to water loss may be those experiencing the greatest mortality from WNS (Willis et al. 2011) . During arousal, bats roosting in areas where condensation occurs have a readily available supply of water. These bats have been observed licking condensed water off their fur during arousals in hibernacula (Davis 1970) . Further, winter flight of bats outside of hibernacula may result from the need to drink (e.g., Speakman and Racey 1989; Hays et al. 1992 ).
Cave moisture

Humidity
Temperature affects the amount of water vapor that can be held in air, with warm air capable of holding more water vapor than cold air. At sea level, 1 m 3 of air can hold around 8 g of water at 10°C and around 30 g of water at 30°C. Dew point temperature is the temperature at which the air is 100% saturated with water vapor and cannot hold any more. Humidity can be expressed in a number of ways. Relative humidity (%) is the amount of water vapor in the air divided by the amount of water the air can hold when saturated at a certain temperature. Absolute humidity is the amount of water vapor in a given volume of air (e.g., g/m 3 of air), but density of air in a given volume can change based on barometric pressure and elevation. Specific humidity is a ratio of the mass of water vapor to mass of air (mass of water vapor/(mass of air + mass of water vapor)). Although relative humidity is often reported in studies of cave microclimate, relative humidity and absolute humidity are biased by temperature or pressure. Consequently, specific humidity is a better measure of air moisture availability (de Freitas 2010) . Use of different humidity measures may influence the perceived amount of moisture within an environment. For example, Tuttle and Stevenson (1978) found relative humidity is 99% in a cave during winter and 92% in summer, but the absolute humidity is twice as high in summer as in winter. Further, they suggested that high relative humidity at low temperatures may be more desiccating than lower relative humidity at higher temperatures because there is less water vapor per unit of air at lower temperatures.
In most caves, relative humidity far from the entrance is close to 100% (Wigley 1969; Cigna 2004 ). This humidity comes from evaporation of cave moisture and humid air drawn into caves, especially during summer. The water in caves comes from a variety of sources, including condensation, surface runoff, precipitation seeping into caves, and subterranean streams and lakes. After rainfall, meteoric water is temporarily stored in soils and weathered rock layers before seeping into caves, and a lag of days or weeks may occur between rain and seepage (e.g., McLean 1971; Williams 1983; Hill 1987) . Heavy rainfall may cause surface runoff to enter caves via conduits or stream channels. During dry years, a cave may lose more moisture from evaporation than is resupplied by surface precipitation (McLean 1971; Buecher 1999) . Dripping water from cave ceiling and splashing water from waterfalls creates large hydroaerosol particles with increased surface area, which fosters evaporation into cave air (Dublyansky and Dublyansky 1998) and increases humidity.
Like temperature, humidity can vary widely within a cave and can differ near the ceiling versus near the floor (Hill 1987) . A gradient of increasing relative humidity generally occurs from the entrance into farther reaches of a cave (Wigley and Brown 1976) (Fig. 4) . Humidity profiles in caves are often affected by airflow. In caves with substantial air exchange with outside air, changes in cave humidity may parallel those of the outside air, with nighttime humidity greater than that during the day, although humidity within caves is typically greater than outside humidity during all seasons (Twente 1955) . In caves with seasonally reversing airflow, areas near entrances with high humidity in one season may have lower humidity in another (Tuttle and Stevenson 1978) . Extensive air exchange with outside air may be problematic in arid climates (Buecher 1999) , which may dry out caves. Furthermore, changes in airflow resulting from anthropogenic manipulations of opening size or number of openings may dry caves out (e.g., McLean 1971; Buecher 1999) , as well as change cave temperatures. To hibernate at lower temperatures, bats may use caves with winter airflow in areas where MAST is above 10°C; however, this airflow may reduce cave moisture, resulting in higher rates of evaporative water loss.
Condensation and evaporation in caves
Patterns of condensation and evaporation in caves are complex (Dublyansky and Dublyansky 1998) . In general, warm air entering caves during summer meets cooler rocks (or air) near the entrance which causes condensation, whereas cooler air meeting warmer rocks during winter causes evaporation (Wigley and Brown 1976) . Consequently, condensation generally dominates during summer and evaporation generally dominates during winter in temperate areas (Dublyansky and Dublyansky 1998) . Caves typically experience a net gain in moisture via condensation and humidity during summer and a net loss (drying) during winter (McLean 1971; de Freitas 2010) . The evaporation rate during winter near the entrance of Mammoth Cave, Kentucky, may be 200 times greater than that of summer (Barr 1967) .
Evaporation rates depend on airflow, humidity, temperature, and air pressure. Air near the surface of a wet object is saturated; and when the air is constantly replaced with air of lower humidity (via air flow), the rate of moisture removal from the surface is intensified. Thus, greater rates of airflow increase evaporation rates. Caves with low humidity may have relatively high amounts of evaporation (Hill 1987) , and slight changes in humidity can drastically change evaporation rates. Decreasing the relative humidity from 99.5% to 99.0% doubles the evaporation rate (Buecher 1999) , and evaporation may occur even though relative humidity suggests the air is nearly saturated (McLean 1971; de Freitas and Schmekal 2005) . Evaporation rates are also affected by temperature, with higher temperatures increasing evaporation rates. At 90% humidity, the evaporation rate in a cave at 25°C is 2.5 times greater than that in a cave at 10°C (Howarth 1980) . During winter, cold air moves into a cave from the outside and is warmed along a gradient from the entrance. As the air warms, the water-holding capacity of the air increases, which causes evaporation even though relative humidity may be 100% (de Freitas and Schmekal 2005) . Evaporation rates also increase at reduced air pressures (Rygalov et al. 2004 ). Thus, evaporation and condensation rates may change with the passing of weather fronts or differ among various elevations because of differences in air pressure (Dublyansky and Dublyansky 1998) .
Condensation typically occurs when the dew point temperature of the cave air is higher than the temperature of the rock Fig. 4 . Theoretical relative humidity with increasing distance from the entrance in well-ventilated caves during three time periods (summer, winter, and the transition period). Distance from entrance is arbitrary units. During winter, relative humidity in caves is typically greater than outside, and cool dry air entering caves increases in humidity quickly. During summer, relative humidity generally falls off near the entrance due to warm air meeting cold cave walls, which creates condensation on the walls of the cave entrance and removes moisture from the air; humidity rebounds due to cooler temperatures deeper in the cave that holds less water vapor. Adapted from Wigley and Brown (1976) with permission. (de Freitas and Schmekal 2005) . Because rock-surface temperature is relatively stable near MAST, air temperature is the main factor that influences condensation rates (de Freitas and Schmekal 2005) . In large caves, condensation is generally isolated near the entrance of the cave, whereas small caves and mines may have abundant condensation throughout.
When warm moist air entering caves meets colder cave air, it can condense into aerosol particles visible to the naked eye and produce fog (Dublyansky and Dublyansky 1998) . In caves where warm air is stratified near the ceiling, a distinct vertical transition from dry to condensation-soaked walls may appear (Badino 2010), and condensation may be abundant only in the upper reaches or near the ceiling of a cave. A thin layer of condensation fog may appear in caves when cave air is stratified by temperature (Buecher 1999) . Warm air rising may condense and fall back to the floor as water droplets; the water droplets evaporate near the floor, further cooling lower portions of the cave (Buecher 1999; Badino 2010) .
Condensation produces heat, whereas evaporation removes heat (evaporative cooling). Condensation of water on cave walls is accompanied by a significant yield of heat (585 kcal/kg) that can affect cave temperature and humidity (Dublyansky and Dublyansky 1998) . Heat production from condensation may lead to oscillations of air movement direction (breathing) in caves (Dublyansky and Dublyansky 1998) . Alternatively, cave breathing may also occur due to oscillation or waves in outside barometric pressure or resonance created by the size and shape of the cave (Plummer 1962; Lewis 1991) . The heat release due to condensation can create warm zones near the entrance during summer, where temperature is greater than both cave and outside air temperatures (Wigley and Brown 1971, 1976) . Likewise, evaporation of moisture at the cave entrance may super cool air during winter, creating "cold zones" close to the cave entrance; these cold zones may retain ice when temperatures both inside and outside the cave are above freezing (Wigley and Brown 1971, 1976) .
Cave size
Larger (or longer) caves may be used more readily by hibernating bats then smaller caves (Raesly and Gates 1987; Briggler and Prather 2003; Kryštufek 2007 ) and may have a greater diversity of bats due to a greater range of microhabitats (e.g., Tuttle and Stevenson 1978) . However, small caves may be equally important to many species. Because the majority of caves are relatively small, the overall contribution of these caves to some bat populations may be great. Of the approximately 1300 known caves in Iowa, it is estimated that approximately 90% are 50 m or less in length (Dixon 2011) . Some species are commonly found in small caves. For example, Corynorhinus townsendii ingens may be found hibernating in relatively small, cold caves with vertical or down-sloping entrances in Arkansas and Oklahoma (Prather and Briggler 2002) . P. subflavus are often found hibernating in small caves (e.g., Briggler and Prather 2003; Dixon 2011) , and surveys of 27 small (typically 30-150 m in length) abandoned mines in Arkansas found all held hibernating populations of P. subflavus, with as many as 800 hibernating in a single 70-m long adit (Heath et al. 1986 ). Small caves with substantial airflow are likely more variable in temperature and humidity than large caves. Because of the decreased surface area of rocks and short length of time passing air is exposed to rock in small caves, thermal equilibrium between rocks and air may not occur, and a homothermic zone may not be present.
Conclusions
Most bat species in temperate North America require hibernacula with high humidity and stable temperatures between 2 and 10°C for successful hibernation. However, these temperature requirements likely vary based on the condition of individuals (fat stores), latitude, and bat species. Where MAST is above 10°C, caves or mines used as hibernacula by species such as M. sodalis and M. grisescens typically have configurations that lower the cave temperatures below MAST during winter, primarily by allowing significant air infiltration. These caves are often chimney-effect caves with multiple openings at different elevations; caves with vertical openings that trap or circulate cold air; high elevation caves; and caves with large, funnel-shaped entrances. Alternatively, bats in these areas may hibernate near the entrances of caves where temperatures are typically lower but more variable and occasionally fall below freezing. Unfortunately, the temperature requirements for many hibernating species are within the range of optimal growth of G. destructans. Thus, in areas where MAST is outside the thermal range of G. destructans growth, some caves may still provide favorable environmental conditions for growth.
Quantitative studies of cave and microsite selection by hibernating bat communities in North America are relatively few in number. Even fewer studies have examined humidity, condensation, and evaporation of cave microsites selected by bats. Most studies that measured humidity have reported relative humidity, which is biased by temperature. Measuring the important climate factors of an individual cave for hibernating bats is more complicated than a single temperature measure taken at one location and one date. Because caves selected as hibernation sites by bats may vary both spatially and temporally in climate, measures of cave variability (spatial and temporal) should be assessed. Further, the amount of time during winter that caves fall above or below specified thresholds important to bats during hibernation (based on metabolic rates, fat loss, or dehydration) would demonstrate whether a cave is a potential source or sink to populations.
There are research needs in many areas of cave selection and bat hibernation. Quantitative studies on cave and microsite selection are needed for most species at various latitudes, including temperature and humidity preferences for most species. The relationship between minimum metabolic rates and temperature is not established for most North American species. Effects of latitude and elevation (in mountainous areas) on selection of caves by bats need further study. Research on effects of changing hibernation temperature on bat survival and bat condition among various species is also needed. Potential selection by bats for humidity, evaporation, and condensation needs further study along with growth of G. destructans under various moisture conditions. The interaction of latitude, temperature, minimum metabolic rates, and minimum and maximum number of days needed to survive hibernation under different fat stores also need study. Lastly, because MAST is changing across North America due to climate change, research is needed on potential changes in cave climates, bat distributions, and selection of caves under this changing climate.
